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INTRODUCTION 
Sintering is the process or processes whereby a particu­
late assemblage of a single pure material consolidates to a 
continuous solid and porosity is eliminated from that solid 
at temperatures below the melting point of the material (l). 
The driving force for the sintering process is generally 
accepted as lowering of the surface free energy that occurs by 
reduction of solid-vapor interfaces by a decrease in surface 
area (2,3). 
The mechanisms and kinetics of the sintering process have 
been the subject of much study, and a complete review of the 
development of the current understanding of this process is 
not practical. The subject has been thoroughly reviewed by 
several authors (1-10) and several bibliographies on sintering 
are available (11-16). 
Present thinking is that there is no one mechanism that 
can explain the entire sintering behavior of all materials 
from formation of an initial bond between the individual par­
ticles to the elimination of porosity (1,5). Even in a single 
material it is doubtful that one of the mechanisms proposed 
thus far could account for the total sintering behavior. 
The total sintering process has been considered in three 
stages (1,5,10). During the initial stage of sintering inter-
particle bonds are formed and strengthened by growth of the 
contact area between particles. The intermediate stage of 
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sintering is characterized by spheroidisation of the pores and 
a decrease in porosity by decreases in pore size. The final 
stage of sintering is comprised of changes in shape and size 
of pores and grains with little or no change in the total 
volume of the system. 
Three mechanisms have been envisioned to account for the 
microstructural changes that occur in the sintering process. 
A process of evaporation of material from the convex surfaces 
of the particles and condensation in the concave neck area 
between particles is feasible because of the effect of surface 
curvature on the vapor pressure of materials. This mechanism 
does not account for any approach of the particle centers to 
one another and will not lead to any shrinkage of a particle 
compact. Thus the evaporation-condensation mechanism may con­
tribute to initial bonding and to the change in shape of the 
pores of the material but for an isothermal mass of material 
no elimination of porosity is possible by this mechanism (2 
page 373). 
Macroscopic flow (whether it be viscous or plastic flow) 
has also been suggested as a mechanism of sintering (17,21). 
The Clark-White (18) model applies to the open-pore stage of 
sintering and is based on uniform spherical particles. The 
shrinkage is attributed to movement of the surface layers of 
the particles toward the points of contact under the influ­
ence of capillary forces. The Shuttleworth-Mackenzie model 
(19) applies to the closed pore stage of sintering and is 
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"based on uniform spherical pores. This model Equates the 
) 
surface tension within the pores to an equivalent externally 
applied pressure. 
Diffusion is the third mechanism that has been proposed 
for the sintering process. Within the category of diffusion 
three specific types of diffusional mechanisms have been 
envisioned. At low temperatures, surface diffusion (5,22) 
is thought to be an important contributor to the sintering . 
process and perhaps is responsible for the formation of the 
necks between adjacent particles. This mechanism also trans­
ports matter from areas of convex surface on the particles to 
the concave neck areas. By its very nature of being a surface 
phenomenon surface diffusion cannot cause a great amount of 
densification. 
A second diffusional mechanism is that of volume diffu­
sion. Material transport is thought to occur by transfer of . 
Vacancies from the concave neck surface area to the grain 
boundary where they are annihilated by minor rearrangements 
of the already random atomic structure at the grain boundary 
of the adjacent particles (22,23). 
The third diffusional mechanism is grain-boundary diffu­
sion which is quite similar to volume diffusion. However, by 
grain-boundary diffusion the path of the vacancies from the 
concave neck area to the interior portion of the grain 
boundary where annihilation of the vacancy occurs is restric­
ted to the grain-boundary itself, i.e. the diffusional path 
Is through a layer of disturbed material associated with the 
grain boundary between the adjacent particles (22-26). This 
mechanism explains the fact that pores that become isolated 
from crystal boundaries by grain growth are not readily re­
moved from the material (4). 
Experimental investigations of the sintering process have 
taken two courses. One has been the study of ideal models by 
observation of the rate of neck growth between geometrically 
simple shapes (27,28). Theoretical models for the various 
mechanisms of material transport In these simplified systems 
are then compared with experimental results. 
The other course of investigations has been to make 
measurements of shrinkage (20,21,26,29) or other density 
dependent properties (e.g. electrical resistivity, tensile 
strength (30,31) ) on powder compacts as a function of sinter­
ing treatment. From the temperature dependence of shrinkage 
rates, etc., values of the activation energy of the sintering 
process are deduced and compared with known values of the 
activation energy for the basic material transport processes 
in the material under study, e.g. volume diffusion, surface 
diffusion, etc. 
The initial stages of sintering have been and continue 
to be of considerable interest. However, the first one per­
cent or less of shrinkage has not been amenable to study by 
conventional dilatometric techniques because of the accuracy 
limitations of these measurements. Shrinkage data in the 
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literature are in general confined to shrinkages of one per­
cent or greater, with a few measurements approaching one-tenth 
percent. To study the very early stages of sintering and 
sintering at low temperatures, a fundamentally more sensitive 
method than direct dilatometric techniques or a considerable' 
refinement in high temperature dilatometric techniques is 
required. 
In the study presented here a new technique for following 
the progress of the sintering process based oh changes in the 
flexural resonant frequency of a prismatic bar was developed. 
A resonant frequency parameter was derived that is related to 
the linear shrinkage of a sample bar by a simple multiplier. 
This multiplier is a function of the initial porosity of the 
test piece and the derivative of the elasticity-porosity 
relationship for the material. Typical values of the multi­
plier are quite large (>25). This increase in sensitivity 
over direct dilatometric measurements makes observations of 
kinetics possible at temperatures as low as 0.2 Tm (Tm = 
absolute melting temperature). These measurements were made 
on aluminum oxide, yttrium oxide, erbium oxide and dysprosium 
oxide. 
Also,.a new functional relationship to describe the 
experimentally observed shrinkage-time-temperature behavior 
of many materials was developed and applied by computer tech­
niques to several previous measurements as well as to the 
data obtained in this study. 
6a 
PART I. RESONANT FREQUENCY DETERMINATION OF SINTERING KINETICS 
6b 
THEORY 
Forster's Method of Determining Young's Modulus 
Forster's method (32) for determining the Young's modulus 
of elasticity of materials from the flexural resonant frequency 
of prismatic and cylindrical rods formed therefrom has been 
used extensively (33-41). This technique has been thoroughly 
reviewed by Spinner and Tefft (42) and Marlowe and Wilder (41) 
have prepared a bibliography covering this technique. The 
method is based on the relationship between the flexural 
resonant frequency of a free bar and its density, geometry, 
and Young's modulus of elasticity, Rayleigh. (43) showed that 
for a prismatic bar Young's modulus, E, is related to the 
density, p , length, L, flexural resonant frequency, f, and 
thickness in the plane of flexure, d, by the equation 
E = 48 TT 2 PLAF2 (L) 
m4&2 
where m is a constant depending on the mode of vibration 
(fundamental, first overtone, etc.). In his derivation of 
this relationship some rather minor contributions to the 
kinetic energy of a vibrating bar were neglected. Correc­
tions to Equation 1 have subsequently been made by several 
authors (44-50). Spinner et al. (49,50) make the correction . 
by a multiplicative correction factor T given by the relation 
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T = 1 + 6.585(1 + 0.0752M + 0.8109/1 2)(d/L)2 - 0.868(d/L)4 
_ 8.G40(L + 0.2023/I + 2.173P 2)(d/L)4 . (2) 
1 + 6.338(1 + 0.14081]U + 1.536M 2)(d/L)2 
where d and L are as previously defined and £# is the 
Poisson's ratio of the material. Accurate calculations of 
Young's modulus from the flexural resonant frequency, density 
and geometry parameters are thus made from the equation; 
E = 48"f P,lV I . . (3) 
m4d2 
Effect of Shrinkage on Resonant Frequency 
Resolving Equation 3 above for the square of the flex­
ural resonant frequency gives 
f2 = 1 . . SJt£ . (4) 
T 48 TT 2 PIT 
Note the dependence of the flexural resonant frequency on the 
length, thickness in the plane of flexure and the density of 
the sample bar. This dependence of the resonant frequency on 
dimensions and density of the bar suggests that the flexural 
resonant frequency can be used to foilow-ehange s in dimen­
sions and density of the sample bar, as in the sintering 
process. 
Before investigating the relationship further the other 
terms in the Equation (3) must be considered. Consider first 
the Young's modulus of elasticity, E. The effect of porosity 
on Young's modulus, and hence, the amount of sintering shrink­
age has been the subject of considerable theoretical (51-58) . 
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and experimental (35,37,59,60-64) study. This has been re­
viewed by Marlowe and Wilder (41). Summarizing, there are 
four types of relationships being given consideration as 
accurately describing the Young's modulus-porosity relation­
ship of various materials. These are: 
a) a linear relationship 
E = Ed (1-bP) (5) 
where E is the Young's modulus of the porous material, EY the 
Young's modulus of the nonporous material, b is a constant and 
P is the volume fraction porosity. Gatto's theory (54) pre­
dicts the linear relationship with a value of 2.36 for the 
constant b 
b) a quadratic relationship 
E = Ed(1 - 1.96P + 0.96P2) (6) 
where the terms are as previously defined. This form was pre­
dicted by Mackenzie's theory (52) 
c) an infinite series comprised of the quotient 
B  =  
•  <7> 
where f is a constant for a given material given by the 
relationship 
f = " f^o ) (13 ~ p) (Q) 
2(7 - 5<jU0) 
where ju 0 is the Poisson's ratio of the nonporous material, 
as obtained by Weil (58) in work with Hashin's theory (55) 
d) an exponential relationship of the form 
E = Ej) exp - jP (9) 
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where j is a constant as suggested "by Spriggs (60). 
For the sake of simplicity and because it applies to some 
of the material studied (YgO^, 37) consider first the linear 
relationship (a above) in deriving the effect of sintering 
shrinkage on the flexural resonant frequency of a sample bar. 
Further, any of the other relationships can be closely approx­
imated by the linear relationship over a short range of por­
osities by appropriate choice of the constants Ey and b. 
Now consider the effect of shrinkage due to sintering on 
the other variable in the relationship (4), the correction 
factor T. Note that as given in Equation 2, T is a function 
only of the Poisson's ratio of the material and the thickness 
to length ratio which will remain constant if the shrinkage is 
isotropic. Thus, during the sintering process, the correction 
factor T will only be affected through changes in the Pois­
son1 s ratio of the material. 
Most oxide ceramic materials have values of Poisson1s 
ratio of about 0.25 (59,61,65). The samples generally used 
in Forster's technique have thickness to length ratios of 
0.10 or less (37,50). Spriggs and Brissette (65) have shown 
that the dependence of Poisson's ratio of refractory oxides on 
porosity can be closely approximated by a linear relation 
H = nQ - mP (10) 
where ju0 is the Poisson*s ratio of the nonporous material and 
m is a constant. They show that for aluminum oxide the 
value of the constant m is 0.35. To determine the degree or 
extent of dependence of the correction factor T on the 
10 
porosity of a sample bar, consider a bar of a hypothetical 
material that has a thickness to length ratio of 0.10. Since 
it is readily possible to form sample bars with 0.35 volume 
fraction porosity by simple isostatic pressing techniques (37) 
and bars of lower density have insufficient strength, consider 
only the range of porosity 0 to 0.35. Assume that the material 
has a Poisson's ratio of 0.25 when the porosity has decreased 
by half of its maximum amount, i.e. at P = 0.175 and that the 
constant m in Equation 10 has the value 0.35. These proper­
ties should make the hypothetical material behave very much 
like an oxide ceramic. Calculation of the correction factor 
T at various porosities gives the following values: 
Thus, for complete sintering of a typical oxide ceramic bar 
(d/L = 0.10) from 0.35 volume fraction porosity to theoreti­
cal density, the correction factor would change by less than 
0.4 percent. Because of the weak dependence of the correc­
tion factor on porosity, this effect will be neglected in the 
remainder of the derivation and the correction factor con­
sidered constant during sintering. 
Grouping the constant terms in Equation 4 together the 
square of the flexural resonant frequency of a prismatic bar 
Porosity 
0 
Correction factor 
0.350 
0.175 
1.07149 
1.06906 
1.06773 
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can be written as 
f2 = Ol_Bd! 
PL4 
where the constant 0' is given by 
C = m4/48 TT 2T. (12) 
Replacing the density in Equation 11 by its equivalent mass and 
dimensions gives the relationship 
f2 _ 01 E d£_w = 0 E d^w (13) 
g IP IP 
where g is the mass of the sample bar, w is its width, and 0 
is a new constant given by 
C = O'/g = mV^B rr 2 gT. (14) 
Consider the flexural resonant frequency of a sample at 
an elevated temperature at two different times, before any 
sintering has occurred denoted by subscript'o, and after an 
elapsed time during which some sintering has occurred denoted 
by subscript t. The squares of the corresponding resonant 
frequencies are given by Equation 13 as 
= 0Bo4oVLo <15) 
and 
ff = . (16) 
To relate the initial resonant frequency to that at some later 
time, consideration must be given to the effect of.porosity 
changes on sample dimensions and on Young's modulus of elas­
ticity. The initial and later values of the dimensions are 
related through S, the linear shrinkage of the material, i.e. 
Lt = L0(1-S) (17) 
wt = w0 (1-S ) (18) 
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a t  = d 0 ( i -s) .  (19)  
Remembering that the Young's modulus of elasticity is 
also a function of porosity and hence sintering shrinkage, in 
order to relate ft and f0 we must also relate the initial and 
sintered values of the Young's modulus. Under the previously 
discussed assumption of- a linear relationship between Young's 
modulus of elasticity and porosity, the following relation­
ships are obeyed: 
E0 = Ed(1 - bP0) (20) 
and 
Et = ED(1 - bPt). (21) 
The volume fraction porosity can be expressed in terms of the 
density of the material in the following manner: 
P = i - JL. . (22) 
PD 
where pD is the theoretical density of the material. If the 
densities are replaced by their equivalent functional rela­
tionships between sample mass and dimensions this gives 
p = i. Essie (23) 
dwL 
where again the subscript D pertains to theoretical density. 
Substitution of this relationship for porosity in the 
elasticity-porosity equations (20,21) with proper subscript­
ing yields: 
dDwDLD \ E0 = EJ) 
and 
1 - b 1 -
d0w0L0 / 
(24) 
13 
&, = Et> i - b (i - ) . . (25) 
\ dtwtLt J 
Further, substitution of the relationship between initial 
dimensions and the dimensions after some shrinkage (Equations 
17j 18, 19) gives the relationship required to relate the 
analogous flexural resonant frequencies, i.e. 
Et = Ed 1 - b 1 -
dDwDIjD (26) 
d0w0L0(l-S)^ 
Substitution of Equations 17, 18, 19, 25 and 26 into 15 and 16 
gives the following relationships for the initial and subse­
quent squares of the flexural resonant frequencies: 
f 2 = o Ed 
and 
f+ = C 
L3 
dp^p 
* 
1 - b 1 
âowoW 
(27) 
[l - s] eb 1 - b 1 - dpWpLp \ d w L (1-3)5/ 
(28) 
For simplification, now consider the ratio of the square of 
the flexural resonant frequency after some shrinkage /to' its 
value before initiation of sintering, and further, replace 
the linear dimensions with volume terms. This treatment gives 
£L = 
li - si 1 - b (l - Yl) ) L1 bJ v0d-spyj 
l - b (l - ÏD \ 
' V0 *_ 
(29) 
where Vp = d^WpL-p and V0 = d0w0L0. 
Now examine•the volume terms and the relation between 
them. Note that the initial volume, V0, is the sum of the 
volume of the material at theoretical density, Vj), and the 
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initial pore volume, Vpo, i.e. 
V0 = VD + Vp0 (30) 
The volume fraction porosity is defined as the ratio of the 
pore volume to the total volume of the sample ; this gives 
. p 0 = v = 
vo v0 v0 
or 
• vD 
V0 
= (1 - P0).. (31) 
Substitution of this relationship in Equation 30 yields the 
following function of shrinkage and initial sample porosity: 
4 = 
_ [l - s] 1 - t (l -  ^ _ gp )j (32) 
fo 1 " 1 (1 - {l - P0} ) 
Expansions and simplification of this equation leads to 
the form 
£t = 1 [(1 - to)(1 - S) + b(l - P0)(l , S)"^j. (33) 
*o (1 - Mo) 
Consider the term (1 - S)"2. Expansion of this term 
yields the series 
(1 - S)""2 = 1 + 2S + 3S2 + 4S3 + (34) 
If the S term is small (<1) the series can be closely approx­
imated by its first two terms. Recall Equations 17-19 defin­
ing S as equal to the fractional linear shrinkage. Also 
recall that for most samples to be considered the initial 
porosity will be 0.35 or less. Thus the maximum fractional 
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linear shrinkage that could occur and hence the maximum value 
of S would be CU14 or less. The requirement that S be consid­
erably less than one is indeed met, and approximation of the 
above series (Equation 34) by its first two terms should be 
valid. 
Substitution of this•approximation in Equation 33 and 
simplification gives the relationship 
3b - 2bP0 - 1 •f*2 1t = 1 + S 
1 - bP0 
(35) 
Note the fact that the bracketed term is a constant for a 
given material under the assumption of a linear relationship 
between Young's modulus of elasticity and porosity. This 
relationship can be more conveniently written as 
F = A S (36) 
where the resonant frequency parameter F is defined as 
f2 
F = _t - l. (37) 
and the constant A by 
f2 
o 
A = 3* - - 1 . (38) 
1 - M>0 
Note from Equation 36 that the resonant frequency 
parameter F will show' the same behavior as the linear shrink­
age and that they are related by a constant multiplier. The 
multiplier, A,, is a function only of the initial porosity of 
the sample bar, P0, and the slope of the Young's modulus-
porosity relationship. 
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• To evaluate the constant A again assume an initial volume 
fraction porosity of 0.35. Since a linear relationship between 
Young's modulus and porosity has been assumed, a value of the 
constant b of 2.36 from Gatto's theory (54), as previously 
mentioned, should be appropriate. Using these values (P0 = 
0.35, b = 2.36) the constant A according to Equation 38, is 
equal to 25.5. Thus a one percent change in the linear dimen­
sions will affect a 25.5 percent change in the resonant fre­
quency parameter F* 
The effect of the initial porosity and the value of the 
constant b on the multiplier constant, A, is shown in Figure 1. 
Because of the existence and magnitude of the multiplier 
A, sintering measurements at lower temperatures and lower 
shrinkages should be better studied through the resonant fre­
quency parameter F than by conventional direct dilatometric 
techniques. 
30 
Pe =0.30 
25 
P0 =0,50 
20 
15 
10 
5 
0 
0 2 3 
b 
Figure 1. Effect of Initial sample porosity and slope of the Young's 
modulus-porosity relationship on the multiplier, A 
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ACCURACY AND SENSITIVITY 
From the equations developed in the previous section it 
is apparent that sintering studies made through observation of 
the resonant frequency parameter F should be more sensitive 
than direct dilatometric measurements by a factor A. It is 
interesting to consider the accuracy of such measurements for 
comparison with the traditional methods. 
For analysis of the error in the resonant frequency 
p p 
parameter F, let a = ft and e = f0 to simplify the terminology. 
With this terminology the parameter F is given by 
F = | - 1 . (39) 
Since F is a function of a and e only, differentiating we have 
dp = (jlj4 a  + ( f f ) 4 e -  ( 4 0 )  
Considering the differentials as the random errors we can 
write 2 2 
+ If (41, 
p 
where e is the variance of the quantity given in the sub­
script. Substituting the appropriate partial derivatives 
from Equation 39, dividing through by F2 to place on a per­
centage basis and simplifying gives 
-1 = (ll + Jlî)*> (42) 
F a - e \ a2 e2 ' 
Returning to the original variables then gives the relation­
ship 
19 
ep _ 
F 
2 ft 
ft " fg  fg  
i (43) 
"t "t 
If the defining equation for F (37) is substituted in the 
unbracketed term in the above relationship the following form 
is obtained 
e P 
F 
2 + 
F 
ft 
+ T 
0 (44) 
t .o J 
Consider a study made of one-percent linear shrinkage. 
Based on the calculations made in the previous section, this 
would give a value of F of 0.255. In this case the first term 
on the right in Equation 44 would be equal to 9.84. Consider 
a typical sample having an initial flexural resonant frequency 
of 5000 cycles per second. Under the above specified condi­
tions, (F = 0.255) this sets the flexural resonant frequency 
after the one percent shrinkage at 5600 cycles per second. 
Assume that frequencies can be determined to within one cycle 
per second. These figures substituted in Equation 44 give an 
error in the resonant frequency parameter of 0.27 percent. 
Assuming the same figures, f0 = 5000 cycles per second, 
and that frequencies can be determined to within one cycle 
per second, the minimum detectable change in F would be 
0.0004 or 0.04 percent. 
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EXPERIMENT 
Equipment 
Figure 2 shows schematically the experimental arrangement 
used (37). A wide range variable frequency oscillator 
(Hewlett-Packard model 200CD) was used to generate a sinu­
soidal signal which was amplified and controlled by an audio 
amplifier (Heathkit model EA-3.» 14 watts). The electrical 
signal was converted to mechanical vibration by the driver, a 
magnetic record-cutting head (Astatic type M41-8). The elec­
trical signal from the oscillator was also fed to a frequency 
counter which utilized a quartz crystal time base. The. signal 
from the oscillator was likewise supplied to the horizontal 
plates of the oscilliscope (Hewlett-Parkard model 120 BR). 
The prismatic samples were suspended by two threads 
placed near the nodes of the fundamental mode of flexural 
vibration (0.224 L from the ends). The threads were stripped 
from heat resistant fabric of an organic material manufac­
tured by Minnesota Mining and Manufacturing Company under the 
trade name "Pluton". Type 10A "Pluton", 8 ounces per square 
yard fabric was used as the source of the threads. These 
threads were sufficiently flexible to be tied in a slip knot 
at both ends.. One such knot was placed over the driver or 
- pickup needle and the other looped around the sample. 
The mechanical vibration of the samples was transmitted 
by the "Pluton" threads to the pickup, a high-output piezo-
r 
VACUUM CHAMBER 
DRIVER 
" PUJTON " 
THREADS 
Z \  
PICKUP 
SAMPLE 
FURNACE CHAM^R 
_l 
j x 0 
OSC1LLI3COPE 
DRIVE 
AMPLIFIER 4 OSCILLATOR 
FREQUENCY 
COUNTER 
WCUUM 
TUBE • 
VOLTMETER 
PICKUP 
AMPLIFIER 
ro 
H 
Figure 2. Schematic diagram of experimental equipment 
electric phonograph cartridge (Astatic 414-1 or 424). The 
signal from the pickup was fed to an audio amplifier (see Fig. 
A1 in Appendix A) where it was amplified and controlled. The 
signal then passed to a vacuum tube voltmeter (Hewlett-Packard 
model 400D) and the vertical plates of the oscilllscope. 
The resonant frequency peak was located by impressing the 
driver signal on the horizontal plates of the oscilllscope and 
the pickup signal on the vertical plates. A Lissajous figure 
was then displayed on the oscilllscope when the resonant fre­
quency was approached by the oscillator. The exact position 
of the resonant frequency was readily determined by tuning the 
oscillator to give maximum deflection, of the vacuum tube 
voltmeter. When the system was thus tuned to resonance of the 
sample, the frequency was determined by the frequency counter. 
The resonant frequency was taken as the average of five or 
more readings. 
The furnace was a carbon-rod resistance furnace with 
molybdenum radiation shields and a water-cooled brass jacket. 
The heating element consisted of six quarter-inch diameter 
spectroscopic carbons connected in parallel and equally • 
spaced in a circle one and one-fourth inches in diameter. 
The furnace was connected to the secondary windings of a 
high current transformer (Banner Manufacturing Co. 10 KVA, 
Model TR12). Power input to the furnace was controlled by a 
variable transformer. 
Temperature measurements were made with a Pt-Pt 10$ Eh 
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thermocouple with its hot junction, located to the side of the 
sample near its middle. The hot junction was connected with 
compensating lead wire to a cold junction maintained at 0°C. 
No attempt was made to measure the temperature distribution 
along the length of the sample, although there was no visible 
temperature variation along its length when heated to incan­
descence. Kuz'menko (66) has studied the effect of a non­
uniform temperature distribution on resonant frequency data. 
He observed a very weak dependence of resonant frequency on 
the temperature gradient along the length of the sample bar. 
This behavior is attributed to the fact that the reson­
ant frequency mainly depends on the elasticity of the middle 
section of the sample. The end sections of the bar mainly 
influence the resonant.frequency by their mass, which is not 
a function of temperature. Because of this weak dependence 
of resonant frequency on the temperature gradient along the 
sample bar, no further consideration was given to it. 
Samples 
The materials used in this study were yttrium oxide, 
Y2°3? dysprosium oxide, DygO^; and erbium oxide, ErgO^; pre­
pared by the Ames Laboratory of the Atomic Energy Commission, 
Am&s, Iowa, and Linde A aluminum oxide, AlgCy. Spectro-
graphic analyses of these powdered materials are shown in 
Table 1. 
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Table 1. Spectrographs analyses of sample materials 
Material Concentrations (Z) 
% Dy2Û3 • Er20-3 A12°3 
Element 
A1 0.004 0.003 
Ba faint trace faint trace 
Ca 0.05 <0.03 0.001 ii H 
Fe <0.01 ~0.01 <0.002 H » 
• Mg <0.005 <0.007 <0.0001 » » 
Na faint trace very faint tr. Il II V„. 
Si 0.01 <0.007 0.00 9 Il II 
Y <0.001 
Yb <0.001 
Dy <0.01 <0.01 
Ho <0.05 <0.005 
• Tm <0.001 
Sm <0.01 
Gd <0.002 
Tb <0.05 
Er ?0.05 
The rare-earth oxides and yttrium oxide were received as 
agglomerated clinkers. These clinkers were broken up by 
tumbling, either in a glass jar or in a ball mill. 
Microscopic examination of the powder materials showed 
some agglomeration of particles in the yttrium oxide and 
erbium oxide; whereas, the dysprosium oxide appeared to be 
present as individual particles. The examination gave the 
following average particle diameters for these materials: 
yttrium oxide -2.3 microns 
dysprosium oxide - 3.0 microns 
erbium oxide - 17.9 microns. 
As a result of the agglomeration, these figures are 
25 
doubtlessly too large for the average fundamental particle 
size, especially in the case of the yttrium oxide and erbium 
^oxide. Since the nature of the particles of Linde A aluminum 
oxide is well known (average particle diameter =0.3 micron) 
analysis of this material was not undertaken. 
The materials were then very lightly dry pressed.(with no 
additions) in a steel die into prismatic bars approximately 
i" x x 4" at 1000 p.s.i. The steel die was then dis­
assembled and the bar inverted in the die. The die was then 
reassembled and the bar repressed to 1400 p.s.i. The tech­
nique described by McOreight (67) and by Wagner and Harman 
(68) of placing the lightly formed bar in a thin-walled rubber 
container and evacuating the container followed by hydrostatic 
pressing at 50,000 p.s.i. was used to further compress the 
starting material. This forming technique gave bars of suf­
ficient strength for the remainder of the forming operation. 
Though minimized by the repressing technique, slight warpage 
of the sample bars occurred during the hydrostatic pressing 
procedure. After removal from their rubber containers, the 
bars were machined to prismatic shape, dimensions constant to 
within one thousandth of an inch. 
Sample densities were determined by the water displace­
ment method. Volume fraction porosity was calculated from 
the measured density using the relationship 
P = l -  Pm/ Pt (45) 
where as before P is the volume fraction porosity, pm the 
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measured density of the sample bar and p^ the theoretical 
density of the material being tested. The values shown in 
Table 2 were taken as the theoretical densities of the mater­
ials used (69,70). 
Table 2. Theoretical densities of sample materials 
Material Theoretical density 
(gm/cm3) 
Y2O3 5.030 
Dy2o3 8.161 
Er20^ 8.651 
A1203 3.986 
The initial sample dimensions, measured densities and 
porosities are shown in Table 3. 
I 
Procedure and Results 
The sintering runs were made by slowly heating the, 
samples, stepwise, until the resonant frequency was observed 
to increase with time at constant temperature. Data were 
taken under isothermal conditions at several temperatures. 
It is desirable when calculating the resonant frequency 
parameter F to relate these data at different temperatures to 
the same initial sample porosity. The quantity of interest, 
the flexural resonant frequency, is affected not only by the 
porosity of the sample but also by its temperature. There­
fore, to make the above correlation, the nature of this 
Table 3. Initial sample size, density and porosity 
Sample Length Thickness Density Percent of Volume 
(in.) (in.) (gm/cm3) theoretical fraction 
density porosity 
YgO,-! 3.2700 0.1359 3.2434 64.48 0.3552 
Br gO-^ 2,2374 0.1728 5.8245 67.33 0.3267 
Dy2°3 2.9696 0.2427 5.0759 62.20 0.3780 
AlgO^-Al 2.3870 0.1916 2.0651 51.81 0.4819 
AlgO^—A2 2.1365 0.1901 2.0018 50.22 0.4978 
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effect must be known. These data are available in the liter­
ature for aluminum oxide (36) and yttrium oxide (37) and are 
shown in Figures 3 and 4. Note that the resonant frequency 
(Equation 13) depends on temperature through its functional 
relationship to sample dimensions and Young's modulus of 
elasticity, and hence, to thermal expansions^and temperature 
dependence of elasticity. The effect of porosity on both of 
these parameters is negligible (37,71). Therefore, these 
same relationships should apply regardless of porosity. 
The effect of temperature on the flexural resonant fre­
quency for the samples of dysprosium oxide and erbium oxide 
was determined by experiment on cooling after the sintering 
runs. These data are shown in Tables B1 and B2 in Appendix B. 
Since the thermal expansion behavior of these rare earth 
materials is known (72) (see Figures 5 and 6) these data made 
possible calculation of the relative Young's moduli of these 
materials at elevated temperatures. To make this calculation 
the r3sonant frequency f-p at some temperature difference AT 
above room temperature was converted to relative elastic 
modulus Erp/E0 using the relationship 
Et/E0 = (ff/fo) - (46) 
1 + a A T 
where ET is the high temperature elastic modulus, E0 and f0 
are respectively the room temperature modulus and resonant 
frequency and a is the linear thermal expansion coefficient. 
The resonant frequencies and relative Young's moduli data 
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Figure 3. Effect of temperature on flexural resonant fre­
quency of aluminum oxide, (Data from Or and all, 
Chung and Gray- (36)) 
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Figure 4. Effect of temperature on flexural resonant 
frequency of yttrium oxide (Data from 
Marlowe and Wilder (37)) 
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Figure 5. Thermal expansion of erbium oxide, ErgOj 
(Data from Stecura and Campbell (72)) 
32 
1.2 
1.0 
0.9 
£ 0.8 
LU 0 
<r 
UJ 
û- 0.7 
1 to 
< 0.6 
o. 
x 
LU 
< 0.5 
UJ 
z 
0.4 
0.3 
0.2 
0.1 
0 
0 200 400 600 800 1000 1200 1400 1500 
T -  ° C  
Figure 6. Thermal expansion of dysprosium oxide, 
DygO% (Data from Stecura and Campbell 
(72) ) 
O HEATING 
A COOLING 
33 
obtained at elevated temperatures on samples of ErgO^ and' 
DygO^ are likewise given in Tables B1 and B2 in Appendix B. 
The relative elastic moduli of these materials at elevated 
temperatures are plotted as functions of temperatures in 
Figures 7 and 8. 
Because of the effect of temperature on the dimensions 
and Young's modulus of the samples the resonant frequency data 
at different temperatures were corrected to the same initial 
porosity values. This was done by use of the relationship 
f o,c  = (47)  
where f0)C is the corrected value of the initial resonant 
frequency at some temperature T, f0 the value of the initial 
resonant frequency of the first test data, obtained at temper­
ature T0 and the starred frequencies are those obtained from 
the above mentioned literature sources or from interpolation 
in Tables B1 and B2 at the appropriate temperatures. The 
resonant frequency parameter F was then calculated from the 
relationship 
F = -JÎ-i 
f2 
L o,c 
(48) 
The flexural resonant frequencies, elapsed time, temper­
ature, temperature corrected initial resonant frequencies and 
frequency parameters F are given in Tables B3, 34, B5, 36, and 
B7 in Appendix B and are plotted in Figures 9, 10, 11, 12a and 
12b. 
To demonstrate another useful facet of the resonant 
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Figure 7. Relative Young's modulus of erbium oxide, 
SrgO-j, at elevated temperatures 
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Figure 9. Experimental results for the effect of time and temperature on 
the resonant frequency parameter of yttrium oxide 
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temperature on the resonant frequency parameter 
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frequency parameter F and the multiplier constant A, measure­
ments of the shrinkage of the samples in the plane of flexure 
were taken after cooling. From these data and the maximum 
value of F attained in the sintering runs, the observed value 
of the multiplier A was computed by Equation 36. From the 
observed values of A and a knowledge of the initial porosity 
of the samples, the slope of the relative Young's modulus-
porosity relationship b can be determined from the defining 
equation for the multiplier A (Equation 38). These data and 
the slope of the relative Young's modulus-porosity relation­
ship computed in this manner are. shown in Table 4. The plausi­
bility of the calculated slopes is taken as evidence of the 
applicability of the relationships derived above. 
Table 4. Slope of the relative Young's modulus-porosity rela­
tionship from measured shrinkage and resonant 
frequency parameter 
Material Measured Maximum Measured Calculated slope 
shrinkage resonant multiplier of relative 
frequency constant Young's modulus-
parameter porosity relation­
(Ad/do) 
measured ship 
( %ax ) A b 
<!
 
ro
 o
 
VJ
 0.0119 0.3662 30.8 2.40 
Br 0.0213 1.3424 63.0 2.79 
Dy2°3 0.0230 1.4006 60.9 2.45 
A1203-A1 0.0089 0.4907 55.3 1.96 
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PART II. REDUCED VARIABLE SINTERING KINETICS 
41b 
BASIS 
The relationship 
• AL/L0 = K tn (49) 
or its equivalent where K is a temperature dependent constant, 
t the time and n a constant has found much general use in 
describing the sintering behavior of many materials (4,26,73, 
74,75,76) and has been predicted by several- theories (22.23, 
77,25). However, this relationship can be criticized since 
there is a limiting shrinkage (when theoretical density is 
reached) beyond which the equation could no longer apply (4). 
In fact several authors (17,18,20,29,78,79) have noted that 
sintering shrinkage ceases before theoretical density is 
reached and that the maximum shrinkage observed for a given 
material is a temperature dependent quantity. The sintering 
data obtained in this study (Figures 9,10,11 and 12) also seem 
to indicate that a temperature-dependent end-point density is 
reached before theoretical density is attained. 
If such a temperature dependent end-point density does 
exist, this suggests that sintering behavior at a given tem­
perature could more readily be described in terms of reduced 
variables. For example, let Sr denote the reduced shrinkage, 
defined by the relationship 
Sr = s/$m (50) 
where S is the shrinkage, and S^ the maximum possible 
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shrinkage at a given temperature corresponding to the end-
point density at that temperature. Similarly, let tr denote 
the reduced time, defined by the relation 
tp — t/tjyjrp (51) 
where t is the elapsed time at temperature, and tjjrjj is the 
characteristic time required to reach the end-point density 
under isothermal conditions at the temperature in question. 
In view of the preponderance of evidence mentioned above 
that the shrinkage in the initial stages of sintering is an 
exponential function of elapsed time (Equation 49), any func­
tional relationship between the reduced shrinkage and time 
variables should approximate this relationship at low values 
of sintering time. Furthermore the required functional 
relationship must pass through a maximum at values of Sr and 
tr equal to unity. 
A function meeting these requirements is 
Sr = siny (TT/2 tr). (52) 
Replacing the sine function with its equivalent infinite 
series the expression (Equation 52) can be written as 
Sr = (IT/2 tr) - 1+ (" / 2  t r ) 5  . (TT/g tr)7,. ... 
3.' 5.' 7.' 
v 
(53) 
This function is plotted in Figures 13 and 14; note that the 
initial slope in the log-log plot of Figure 14 is equal to the 
exponent v . 
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APPLICATION TO SINTERING DATA 
Computer Program 
To test the applicability of Equation 52, data in the 
literature from several sources were fit with this relation­
ship. A computer program was prepared to do the curve fit­
ting. To make the program applicable to experimental data 
obtained in this study, the actual function used was 
S = Sm-t sin" (- t - tq (54)  
2 tj/[T - t0 
where t0 is the equivalent starting time if the sample was 
heated instantaneously to the test temperature, with no 
shrinkage occurring during heating. Johnson and Cutler (25, 
26) and Daniels and Wadsworth (80) have employed this concept 
of shifting experimental sintering data on the time axis to 
account for such errors. In the case of the data obtained in 
this study the fictitious starting time was a required 
parameter because of the desirability of relating all of the 
data at different temperatures to the same initial sample 
conditions. 
The computer program chose the best values for the four 
parameters , t0, t^ and v. based on minimization of the 
residual mean square deviation of the fitted curve from the 
original data points. The residual mean square deviation, 
FMS, was defined by the relationship 
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Ê (Sri'- Sroi'2 
FMS = ; (55) 
N - 2 
where N is the number of data points, Sri the reduced shrink­
age of the i^*1 data point, and Src^ the calculated reduced 
i "  V i  
shrinkage of the i data point. 
Literature Data 
Data, and fitted curves for calcium fluoride (20), glass 
(17), thorium oxide (80), aluminum oxide (26), copper (18), 
and magnesium oxide with ten percent eutectic mixture of 
calcium oxide, aluminum oxide and magnesium oxide (18) are 
shown in Figures 15, 16, 17, 18, 19 and 20. 
Experimental Results 
Similar fitted curves where S is replaced by the experi­
mentally determined resonant frequency parameter F in Equations 
50-54 for the yttrium oxide, erbium oxide, dysprosium oxide and 
Linde A aluminum oxide are shown in Figures 21, 22, 23, 24 and 
25. 
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Figure 19. Sintering behavior of copper at 925°0 and fitted 
curve (Data from Clark, Cannon and White (18) ) 
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Figure 21. Isothermal sintering behavior of the resonant 
frequency parameter F for yttrium oxide 
Temp. to tMT'to n 
(°o) (min) (min) 
675 1.25 266.8 0.0586 0.71 
708 48.1 270. 0.0777 0.511 
788 128.8 233.0 0.1714 0.559 
846 205.6 246.0 0.2695 0.486 
909 304.4 207.8 0.4002 0.341 
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Figure 21. (Continued) 
Figure 22. Isothermal sintering behavior of the resonant frequency 
parameter F for erbium oxide 
Temp. t0 tjflf[i-t0 Fj^rj, n 
(°0) (min ) (min) 
853 -6.5 710.9 0.069 0.8*9 
905 1057.6 1691.3 0.1831 0.539 
970 1207.5 1692.3 0.3501 0.381 
1047 1459.5 1739.9 0.8071 0.361 
1126 2622.0 1590.7 1.3453 0.370 
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Figure 22. (Continued) 
Figure 23. Isothermal sintering behavior of the resonant 
frequency parameter F for dysprosium oxide 
Temp. t0 tMT-t0 n 
(°c) (min) (min) 
597 4.5 1274.3 0.1730 0.419 
654 1047.6 1769.0 0.2994 0.235 
770 1426.1 2426.2 0.5898 0.201 
862 2461.4 3339.8 0.9123 0.213 
932 3737.0 3036.2 1.3033 0.238 
1047 4308.8 1992.9 2.1906 0.198 
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Figure 24. Isothermal sintering behavior of the resonant frequency 
parameter- F for Linde A aluminum oxide Sample A1 
Temp. tc tj£p-t0 Fjjrp n 
(°0) (min) (min) 
190 -15.1 2620.3 0.0620 0.561 
261 216.2 2428.5 0.1070 0.341 
322 38)5.4 1169.3 0.1198 0.246 
393 1318.1 1312.0 0.1820 0.331 
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Figure 25. Isothermal sintering behavior of the resonant frequency-
parameter F for Linde A aluminum oxide Sample A2 
Temp. tQ %T-to FMT n 
(°0) (rain) (min) 
195 -0.1 1000 0.0484 0.514 
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996 1298.1 918.1 7.1949 0.251 
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EFFECT OF TEMPERATURE OU SINTERING KINETICS 
In the classical sintering equation (Equation 49) the 
effect of temperature is accounted for by the temperature 
dependent constant K. This constant has been reported to 
obey the Arrhenius relationship, i.e. 
K = K0 exp' - Q/RT (56) 
where K0 is an experimentally determined constant, R the gas 
constant, T the absolute temperature and Q the activation 
energy for the sintering process (4). However, for the 
Arrhenius equation to apply, the exponent n must indeed be 
constant (4,81). 
The reduced variable relationship developed in the pre­
vious section was used because at a particular temperature, 
the exponent n in the classical relationship (Equation 49) 
was not constant. Furthermore, the exponent v used in the 
reduced variable relationship (Equation 52) is not entirely 
constant. The best fits of the experimental data show that 
the exponent v is temperature dependent. Figure 26 shows 
the effect^ef temperature on the exponent v for the materials 
studied. It is interesting to note that at the lowest temper­
ature the trend is opposite that recorded by Johnson and 
Cutler for various types of aluminum oxide for the analogous 
exponent n over the temperature range 1200 to 1700°C. Because 
of the observed temperature and time dependence of the expon­
ents in the sintering equations, the Arrhenius relationship 
.0 
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is not obeyed, and thus, use of Equation 56 in conjunction 
with Equation 49 to calculate the activation energy of the 
sintering process would lead to fictitious values. 
In the reduced variable relationship (Equation 52) the 
quantity that Is analogous to the temperature dependent 
constant K in Equations 49 and 56 is the maximum shrinkage at 
any temperature, S^. Again, because of the temperature 
dependence of the exponent v the Arrhenius relationship can­
not be legitimately applied to the temperature dependence of 
the constant Sjvpp• However, comparisons with other values of 
the "activation energies" obtained in the naive manner of 
ignoring the temperature or time dependence of the exponents 
will be useful. 
By analogy with Equation 56 the temperature dependence of 
the maximum shrinkage will be approximated by the relationship 
SMT = S0 exp - q'/rt (57) 
where S0 is an experimentally determined constant, Q1 the 
apparent activation energy, R the gas constant and T the abso­
lute temperature. Semilogarithmic plots of the analogous 
maximum resonant frequency parameter given by the computer 
program as a function of l/T are shown in Figure 26, for the 
materials studied. Values of the constant So and the apparent 
activation energy Q.1 obtained by least squares fit of the 
experimental data are given in Table 5. 
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Figure 27. Temperature dependence of the maximum resonant frequency parameter F^ 
for yttrium oxide, erbium oxide, dysprosium oxide and aluminum oxide 
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Table 5. Apparent activation energies and experimental 
constants for the maximum resonant frequency 
parameter 
Material 
Temperature 
range , 
(°C) 
Apparent 
activation 
energy 
(koal/mole) 
Experimental 
constant 
YgO; 675-909 18.61 1.316 x 10? 
•®r2^3 853-1126 34.64 4.107 x 109 
Dyg0^ 597-1047 12.36 2.346 x 107 
AlgO^ 190-541 3.71 '3.099 x 104 
AlgO^ 868-996 30.30 1.187 x 1011 
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ANALYSIS OF EXPERIMENTAL RESULTS 
As mentioned-in the introduction, two methods of deter­
mining the mechanism or mechanisms of sintering are possible 
from the data obtained in this study. One method is to com­
pare the slope of log-log plots of shrinkage as a function of 
sintering time with that predicted by various models. In the 
results obtained here, the slope was observed to change con­
tinuously at a given sintering temperature as predicted by the 
exponential sine function» Also the slope was seen to be 
extremely temperature dependent. Thus, no determination of 
sintering mechanism for any of the materials could be made by 
this method. 
The second method of determination of sintering mechanism 
is to compare the activation energy of the sintering process 
with that of a particular mode of material transport. A 
search of the literature yielded no information on activation 
energies of any processes for erbium oxide and dysprosium 
oxide. <, 
Berard and Wilder (82) have measured the diffusion of 
yttrium in polycrystalline yttrium oxide. They obtained an-
activation energy for this process of 43.9 kcal/mole over 
the temperature range 1400-1800°0 as compared with 18.6 
kcal/mole observed here for sintering over the temperature 
range 675-909°C. The considerable temperature gap between 
these studies makes correlation of the activation energies 
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impractical since this parameter is often observed to change 
drastically over short temperature ranges. 
The data obtained on Linde A aluminum oxide show a strong 
temperature dependence of apparent activation energy. A very 
low value of the apparent activation energy (3.71 kcal/mole by 
least squares fit to the data) was observed over the tempera­
ture range 190-541°C. Above this temperature a rapid rise in 
apparent activation energy was observed reaching a value of 
30.30 kcal/mole over the temperature range 868 to 996°0. From 
> the experimental data it was impossible to determine if a 
limiting value of the apparent activation energy had been 
reached at 996°C or whether further increases would occur at 
higher temperatures. Measurements could not be made at higher 
temperatures because of the rapid increase in internal fric­
tion in polycrystalline aluminum oxide that has been studied 
by Crandall et al, (36). Considering the rapid increase in 
apparent activation energy with temperature, these data are 
consistent with the values of activation energy for diffusion 
in aluminum oxide reported by Coble (77) above 1150°C (165 
kcal/mole) and for sintering of aluminum oxide reported by 
Clark and White (87 kcal/mole) (17). 
The low apparent activation energy obtained for the Linde 
A aluminum oxide below 541°C indicates that the shrinkage at 
these low temperatures occurs by an entirely different process 
than at the higher temperatures of measurement. The extremely 
low value of activation energy would tend to indicate either a 
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surface mechanism or a mechanism "based on dislocation motion. 
It may also indicate that the observed changes in the resonant 
frequency parameter F are only due to loss of adsorbed gases 
and water. However, if this were the case, the value calcu­
lated for the slope of the relative Young's modulus relation­
ship from the low temperature aluminum oxide sample would not 
necessarily be expected to show such acceptable values as 
shown in Table 4 . In any case, unequivocal determination of 
sintering mechanisms from the information now available on the 
materials studied is not possible. 
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CONCLUSIONS 
1. The resonant frequency parameter derived in the first 
section has been shown to be an accurate indicator of the 
progress of sintering. It is very sensitive to small changes 
in sample dimensions and porosity. Because of this increased 
sensitivity, continuous measurements of sintering kinetics can 
be made at very much lower temperatures (as low as two-tenths 
the absolute melting point) and lower shrinkages than with 
conventional dilatometric techniques, 
2. Comparison of linear shrinkage and observed values of the 
resonant frequency parameter allows calculation of .the slope 
of the relative Young's modulus-porosity relationship at any 
value of porosity. 
3. The observed sintering kinetics indicated a temperature 
dependent end-point density. The entire isothermal sintering 
behavior- of several materials can be described by the relation­
ship 
S = S MX sinV ~ ; 
2 
where S is the shrinkage after an elapsed time t, Sjypj and t^-p 
are respectively the maximum shrinkage and characteristic 
time required to reach the end point density at the tempera­
ture in question and v is a temperature dependent constant. 
4. The limiting isothermal sintering shrinkage obeys an 
Arrhenius type relationship for the materials studied, i.e.. 
SMT - S0 exp - Q'/RT -
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where S0 is an experimentally determined constant., Q1 the 
apparent activation energy, R the gas constant and T the abso­
lute temperature. The following values of apparent activation 
energy apply over the given temperature ranges for the mater­
ials studied i 
Material Apparent 
activation 
energy 
kcal/mole 
Temperature 
range 
(°0) 
YgO] 18.61 675-909 
•®r2®3 34.64 853-1126 
DygO$ 12.36 597-1047 
A12°3 • 3.71 190-541 
AI2O3 30.30 868-996 
5. The relative Young's modulus of elasticity of polycrys-
talline erbium oxide decreases linearly from room temperature 
to 1126°C. Least squares fit of "the data gives the following 
relationship for the effect of temperature on the Young's 
modulus of erbium oxide 
ET = E32e4(l - 1.1404x10-4 °0-l AT) 
where 2^2.4 is the value of the Young's modulus at 32.4 °0 and 
Erj is the Young's modulus at some temperature AT from 32.4°0. 
The relative Young's modulus of elasticity of polycrys-
talline dysprosium oxide decreases nearly linearly from room 
temperature to 837°0. From 837 to 1047°0 the decrease is 
again nearly linear but much more rapid than at the lower 
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temperatures. Approximating these nearly linear portions by 
a least squares fit of the data gave the following relation­
ships for the two temperature ranges: 
a) from 20 to 837°C 
ET = S48e8 (1 - 1.1679x10-4 AT) 
b) from 837 to 1047°C 
eT = %8.8 (1.1955 - 3.4699x10-4 Oq-1 AT) 
where the terms are as defined above. 
The temperature dependence of the Young's modulus of 
these materials is very similar to that reported for yttrium 
oxide and aluminum oxide (36,37). 
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The audio amplifier used to amplify and control the 
signal from the pickup crystal to the oscilliscope and 
vacuum tube voltmeter is shown schematically in Figure Al. 
2.2* ™6v 
OUTPUT INPUT 
2» 
2N2906 T- 04Mf 2N2386 
c2 
I MEG > 
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Figure Al. Audio amplifier used for pickup signal 
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APPENDIX B 
77b 
The data obtained for the effect of temperature on the 
Young's modulus of elasticity of erbium oxide and dysprosium 
oxide are tabulated in Tables B1 and B2. Tables B3 through 
B7 are the effect of sintering time on the resonant frequency 
parameter (?) for the eamples of yttrium oxide, erbium oxide, 
dysprosium oxide and Linde A aluminum oxide. 
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Table Bl. Elevated temperature resonant frequencies and 
relative elastic moduli of erbium oxide, ErgO^ 
(p = 5.8245 gm/cm^) 
Temperature Resonant Frequency Relative Young's 
(°0) • (cycles/second) modulus 
(Et/E0) • 
28 2448 1.0000 
70 2443 0.9958 
113 2437 0.9907 
149 2434 0.9880 
191 2428 0.9828 
259 2417 0.9734 
270 2414 0.9709 
317 2409 0.9667 
321 2408 0.9658 
379 2402 0.9605 
385 2400 0.9588 
429 2393 0.9529 
433 2393 0.9529 
478 2389 0.9492 
521 2383 0.9444 
558 2379 0.9409 
590 2375 0.9376 
656 2367 0.9308 
•696 2361 0.9258 
759 2352 0.9182 
789 2348 0.9148 
831 2343 0.9106 
911 2331 0.9007 
962 2324 0.8948 
1021 2314 0.8866 
1050 2308 0.8819 
1080 2303 0.8777 
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Table B2. Elevated temperature resonant frequencies and 
relative elastic moduli of dysprosium oxide, DygO^ 
(p = 5.1921 gm/cm^) 
Temperature 
(°c) 
Resonant frequency 
(cycles/second) 
Relative Young's 
modulus 
(ET/E0)' 
20 1920 1.000 
86 1916 0.9954 
122 1913 0.9918 , 
177 1908 0.9864 
218 1904 0.9819 
262 1900 0.9775 
316 1893 0.9699 
347 1889 0.9656 
399 1883 0.9590 
433 1879 0.9547 
471 1875 0.9504 
524 1870 0.9449 
558 1866 0.9406 
606 i860 0.9342 
635 1857 0.9309 
681 1852 0.9255 
692 1851 0.9244 
798 1840 0.9126 
837 1835 0.9074 
878 1818 0.8903 
886 1815 0.8873 
895 1811 0.8833 
914 1806 0.8783 
1047 1760 0.8331 
80 
Table B3. Resonant frequency, elapsed time, temperature, tem­
perature corrected initial resonant frequencies and 
frequency parameter F: YgO^ 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°0) time frequency initial resonant fre- parameter 
(min.) (cycles/sec) quency (cycles/second) (F) 
675 
708 
788 
0 1090 1090 0 
5 1092- 0.0037 
10 1094 0.0073 
15 1095 0.0092 
20 1097 0.0129 
25 1098 0.0147 
30 1099 0.0166 
35 1100 0.0184 
40 1101 0.0203 
45 1102 0.0221 
50 • 1103 0.0240 
55 " 1104 0.0258 
60 1105 0.0280 
65 1105 • 0.0280 
75 1107 0.0314 
81 1106 1088.3 0.0327 
84 1106 0.0327 
85 1107 0.0346 
90 1108 0.0366 
95 1110 0.0403 
100 1111 0.0421 
106 1112 0.0440 
110 1113 : 0.0459 
115 1114 0.0478 
125 1116 0.0516 
130 1117 0.0534 
135 1118 0.0553 
140 1119 0.0572 
145 1119 0.0572 
150 1120 0.0591 
155 1120 0.0591 
170 1125 1083.9 0.0772 
175 1129 0.0849 
180 1134 0.0946 
185 1137 0.1004 
190 1139 0.1043 
195 1142 0.1101 
200 1144 0.1140 
205 1145 0.1159 
210 1146 0.1179 
j 
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Table B3. (Continued) 
Tenro. Elapsed Resonant Temperature corrected Frequency (9c) time frequency initial resonant fre-• parameter 
(min.) (cycles/sec) quency (cycles/second) (F) 
788 215 1148 1083.9 0.1218 
220 1151 0.1277 
225 1152 0.1296 
230 1154 0.1336 
235 1155 0.1355 
240 1156 0.1375 
245 1158 0.1415 
846 255 1157 1080.4 0.1468 
260 1162 0.1567 
265 1168 0.1687 
270 1171 0.1747 
275 1175 0.1827 
280 1178 0.1888 
285 1180 0.1928 
290 1182 0.1969 
295 1184 0.2010 
300 1186 0.2050 
305 1188 0.2090 
310 1190 0.2131 
315 1190 0.2131 
320 1192 0.2173 
325 1194 0.2213 
330 1195 
-
0.2233 
909 345 1206 1076.3 0.2555 
350 1214 0.2723 
355 1219 0.2828 
360 1225 0.2954 
365 1229 0.3039 
370 1233 0.3124 
. / 375 1238 • 0.3230 
380 1240 0.3273 
385 1243 0.3337 
390 1246 0.3402 
395 1248 0.3445 
400 1251 0.3510 
405 1253 0.3553 
410 1256 0.3618 
415 . 1258 0.3662 
82 
Table B4. Resonant frequency, elapsed time, temperature, tem­
perature corrected initial resonant frequency and 
frequency parameter F: ErgO-^ 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°C) time frequency initial resonant fre- parameter 
(min.) (cycles/sec) quency (cycles/second) (F) 
853 0 1529 1529 0 
5 1530 0.0013 
1.0 1531 0.0027 
15 1532 0.0039 
20 1533 0.0053 
25 1534 0.0066 
30 1535 0.0079 
35 1536 0.0092 
40 1537 0.0105 
45 1537 0.0105 
50 1538 0.0118 
55 1539 0.0131 
60 1540 0.0145 
65 1540 0.0145 
70 1541 ' 0.0158 
75 1541 0.0158 
905 85 1537 1524 0.0170 
90 1540 0.0210 
95 1541 0.0223 
100 1544 0.0262 
105 1545 0.0275 
110 1548 0.0316 
115 1550 0.0343 
120 1551 0.0356 
125 1553 0.0383 
130 1554 0.0396 
135 1555 0.0409 
140 1558 0.0449 
145 1559 0.0464 
150 1560 0.0477 
155 1561 0.0490 
160 1563 0.0517 
165 1564 0.0530 
170 1565 0.0544 
420 1603 0.1062 
425 1603 0.1062 
475 1608 0.1131 
505 1611 0.1172 
520 1612 0.1186 
1110 1646 0.1663 
ill5 1647 0.1677 
1120 1648 0.1691 
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Table B4. (Continued) 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°C) time frequency initial resonant fre- parameter 
(min.) (cycles/sec) quency (cycles/second) (F) 
905 1130 1647 1524 0.1677 
1135 1648 . 0.1691 
1140 1648 0.1691 
1145 1648 0.1691 
1150 1648 0,1691 
1165 1649 0.1705 
1225 1651 0.1735 
1255 1652 0.1749 
1300 1652 0.1749 
1360 1654 0.1777 
970 1375 1649 1517 0.1807 
1380 1646 0.1764 
1385 1646 0.1764 
1390 1646 0.1764 
1395 1647 0.1778 
1400 1649 0.1807 
1405 1650 0.1822 
' 1410 1651 0.1836 
1415 1653 0.1864 
1420 1654 0.1879 
1425 1654 0.1879 
1430 1657 0.1921 
1435 1657 0.1921 
1440 1658 0.1937 
1445 1660 0.1965 
1450 1660 0.1965 
1455 1662 0.1993 
1460 1663 0.2009 
1465 1664 0.2023 
1470 1665 0.2037 
1475 1666 0.2052 
1480 1667 0.2059 
1485 1669 0.2095 
1490 1670 0.2110 
1495 1671 0.2124 
1500 1672 0.2139 
1047 1510 1668 1509 0.2212 
1515 1678 0.2359 
1520 1689 0.2522 
1525 1699 0.2670 
1530 1708 0.2806 
1535 1716 0.2926 
1540 1724 0.3047 
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Table 334. (Continued) 
Tenro. Elapsed Resonant Temperature corrected Frequency 
(°C) time frequency initial resonant fre- parameter 
(min.) (cycles/sec) quency (cycles/second) (?) 
1047 1545 1731 1509 0.3153 
1550 1737 0.3224 
1555 1745 0,33,66 
1560 1751 0.3459 
1565 1755 0.3520 
1570 • 1760 0.3597 
1575 1765 0.3674 
1580 1770 0.3752 
1585 1774 0.3815 
1590 1778 0.3877 
1595 1781 0.3923 
1600 1784 0.3970 
1805 1881 0.5532 
1810 1882 0.5548 
1815 1883 0.5564 
1840 1891 0.5697 
1855 1894 0.5746 
I865 1896 0.5780 
1875 . 1899 0.5830 
2515 1991 0.7401 
2520 1991 0.7401 
2525 1991 0.7401 ' 
2530 1992 0.7419 
2535 1992 0.7419 
2540 1992 0.7419 
2545 1992 0.7419 
2550 1993 0.7435 
2555 1993 0.7435 -
2560 1994 0.7435 
2565 1994 0.7453 
2570 1993 0.7435 
2575 1994 0.7453 
2590 ' 1995 0.7471 
2605 1996 0.7489 
2620 1998 0.7523 
2680 2002 0.7593 
2710 2004 0.7629 
2740 2007 0.7681 
2770 2009 0.7717 
2800 2010 0.7735 
2830 2013 0.7787 
1126 2845 2000 1499 0.7804 
2850 1999 0.7787 
2855 2003 0.7857 
2860 2004 0.7876 
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Table B4. (Continued) 
Terne. Elapsed Resonant Temperature corrected Frequency (°o) time frequency • initial resonant fre­ parameter 
(min.) (cycles/sec) quency (cycles/second) - • (F) 
1126 2865 2006 1499 0.7912 ' 
2870 2013 0.8037 ' 
2875 2015 0.8091 
2880 2017 0.8109 
2885 2021 0.8180 
2990 2025 0.8252 
2895 2027 0.8239 
2900 2030 0.8343 
2905 2033 0.8397 
2910 2036 0.8452 
2915 2037 0.8470 
2920 2039 0.8506 
2935 2048 0.8669 
2950 2057 0.8834 
2965 2063 0.8944 
2970 2066 0.8999 
2975 2069 0.9054 
2980 2071 0.9091 
2985 2072 0.9110 
2990 2075 0.9165 
2995 2076 0.9183 
3000 2080 0.9239 
3005 2080 0.9257 
3010 2083 0.9314 
3015 2084 0.9332 
3020 2086 0.9369 
3025 2088 0.9406 
3030 2091 0.9462 . 
3035 2093 0.9499 
3040 2094 0.9517 
3050 2099 0.9611 
3205 2154 1.0652 
3255 2167 1.0903 
3300 2177 1.1095 
3340 2186 1.1271 
3365 2192 1.1337 
3970 2281 1.3160 
3985 2234 1.3221 
4000 2285 1.3241 
4015 2236 1.3261 , 
4030 2288 1.3301 
4045 2289 1.3322 
4060 2290 1.3343 
4090 2292 1.3383 
4105 2294 
— 
1.3424 
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Table B5. Resonant frequency, elapsed time, temperature, tem­
perature corrected initial resonant frequency and 
frequency parameter F: DygO^ 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°C) time frequency initial resonant fre- parameter 
(min.) (cycles/sec) quency (cycles/second) (?) 
597 0 1203 1203 0 
5 1211 0.0133 
10 1214 0.0184 
20 1220 0.0285 
25 • 1221 • 0.0301 
30 1223 0.0335 
35 1225 0.0369 
40 1226 0.0386 
45 1229 0.0437 
50. 1230 0.0454 
55 1231 0.0471 
60 1233 0.0505. 
65 1235 0.0539 
70 1236 0.0556 
75 1236 0.0556 
115 • 1245 0.0711 
125 1247 0.0745 
135 1249 0.0780 
145 1250 0.0797 
155 1252 • 0.0831 
165 1254 0.0866 
175 1255 0.0883 
185 1256 0.0901 
400 1277 0.1268 
450 1280 0.1321 
. 495 1284 0.1393 
1125 1300 0.1678 
1140 1301 ' 0.1696 
1155 1302 0.1714 
654 1175 1297 1198.8 0.1705 
1180 1298 0.1723 
1185 1300 0.1759 
1190 1301 0.1777 
1195 1302 0.1795 
1200 1309 0.1923 
1205 1311 0.1959 
1210 1312 0.1977 
1215 1312 0.1977 
1285 1318 0.2087 
1295 1319 0.2106 
1305 1320 0.2124 
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Table B5. (Continued) 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°C) ' time frequency initial resonant fre- parameter 
(rain.) (cycles/sec) quency (cycles/second) (F) 
654 1315 1321 1198.8 0.2142 
1325 1522 0.2160 
1335 1323 0.2179 
1370 1326 0.2234 
1395 1327 0.2252 
1405 1328 •' 0.2271 
1415 1329 0.2289 
1425 1330 0.2308 
770 1450 1334 1190.9 0.2548 
1455 1339 0.2642 
1460 1345 0.2755 
1465 1348 0.2812 
1470 1352 0.2889 
1475 1355 0.2946 
1480 1359 0.3022 
1485 1362 0,3080 
1490 1364 0.3118 
1495 1367 0.3176 
1500 1369 0.3215 
1505 1371 0.3253 
1510 1373 0.3292 
1515 1374 0.3312 
1560 1389 0.3603 
1570 1391 0.3643 
1580 1393 0.3682 
1590 1395 0.3721 
1600 1397 0.3761 
1610 1399 . 0.3800 
1620 1402 0.3859 
1630 1403 0.3879 
1835 1432 0.4459 
1885 1440 0.4621 
1935 1443 . 0.4682 
2565 1478 0.5403 
2575 1478 0.5403 
2585 1478 0.5403 
2595 1479 , 0.5423 
862 2635 1470 • 1179.1 0.5543 
2640 1471 0.5564 
2645 1473 0.5607 
2650 1475 0.5649 
2655 1476 0.5671 
2705 1483 ' 0.5820 
88 
Table 335. (Contini.od ) 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°C) • time f: aquency initial resonant fre- parameter 
(min.) (cycl3s/sec) quency (cycles/second) (F) 
362 2710 1483 1179.1 0.5820 
2715 1483 0.5820 
2720 1483 0.5820 
2725 1485 0.5862 
2730 1487 0.5905 
2735 ' 1487 0.5905 
2740 1487 0.5905 
2745 1488 0.5926 
2755 1490 0.5969 
2760 1490 0.5969 
2780 1494 0.6055 
2805 1496 0.6098 
2835 1503 0.6249 
2845 1504 0.6271 
2855 1503 0.6249 
3075 1530 0.6838 
3085 1531 0.6860 
3095 1532 0.6882 
3105 1532 0.6882 
3115 1533 0.6904 
3125 1533 0.6904 
3150 1536 0.6970 
4070 1596 0.8322 
4075 1596 0.8322 
932 4105 1591 1162.7 0.8726 
4110 1593 0.8773 
4115 1594 0.8797 
4120 1594 0.8797 
4125 1597 ' 0.8868 
4130 1598 0.8892 
4135 1600 0.8939 
4140 1601 0.8963 
4145 1602 0.8986 
4150 1603 0.9010 
4155 1604 0.9034 
4210 1616 0.9320 
4215 1618 0.9367 
4220 1618 0.9367 
4225 1619 0.9392 
4230 1620 0.9415 
4235 1621 0.9439 
4245 1622 0.9463 
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Table B5. (Continued) 
Temp, Elapsed Resonant Temperature corrected Frequency 
(°C) time frequency initial resonant fre- • parameter 
(min.) (cycles/sec) quency (cycles/second) (F) 
4255 1624 ' 1162.7 0.9511 
4265 1626 0.9560 
4525 1637 0.9825 
4330 1637 0.9825 
4345 1633 1135.9 1.0667 
4350 1648 1.1048 
4355 1662 1.1407 
4360 1671 1.1640 
4365 1680 1.1874 
4370 1688 ' 1.2082 
4375 I696 1.2292 
4380 1703 1.2477 
4385 1708 1.2609 
4390 1714 1.2768 
4395 1720 1.2928 
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Table E6. Resonant frequency, elapsed time, temperature, tem­
perature corrected initial frequency and frequency 
parameter F: AlgO^-Al 
Temp. Elapsed Resonant .Temperature corrected Frequency 
(°C) time frequency initial resonant fre- parameter 
(min.) (cycles/sec) quency (cycles/sec) (F) 
190 1877 1877 0 
5 1878 0.0011 
10 1880 . 0.0032 
15 1881 0.0043 
20 1882 0.0053 
25 1884 0.0075 
30 1885 0.0085 
?5 1885 0.0085 
40 1886 0.0096 
45 1886 0.0096 
75 1889 0.0128 
95 1890 070139 
100 1891 0.0150 
105 1892 . 0.0161 
110 1892 0,0161 
115 1892 0.0161 
120 1892 0.0161 
125 1892 0.0161 
130 1892 0.0161 
135 1892 0.0161 
140 1893 0.0171 
150 1893 0.0171 
165 1894 0.0182 
195 1895 0.0193 
225 I896 0.0203 
261 255 1897 1871.5 0.0274 
260 1899 0.0296 
265 1901 0.0318 
270 1903 0.0339 
275 1904 0.0350 
280 1905 0.0361 
285 1906 0.0372 
290 1907 . 0.0383 
295 1907 0.0383 
300 1909 0.0405 
305 1910 0.0416 
310 1910 0.0416 
315 1911 0.0427 
320 1911 0.0427 
325 1912 0.0437 
330 1913 0.0449 
335 1913 0.0449 
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Table B6. (Continued) 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°C) time frequency initial resonant fre- parameter 
(min.) (cycles/sec) quency (cycles/sec) (F) 
261 340 1913 1871.5 0.0449 
345 1914 • 0.0459 
375 1916 ' 0.0481 
390 1917 0.0492 
405 1918 0.0503 
322 425 1915 1866.9 0.0522 
430 1919 ' 0.0566 
435 1921 - • 0.0588 
440 1923 ' 0.0610 
- 445 1925 : .0.0632 
450 1926 _ 0.0643 
455 1928 0.0665 
460 1930 0.0687 
465 1932 ! 0.0709 
470 1933 0.0720 
475 1933 " 0.0720 
480 1934 0.0732 
485 1935 0.0742 
490 1936 • 0.0754 
495 1937 . 0.0765 
500 1938 0.0776 
• 510 1940 0.0798 
515 1941 . 0.0809 
660 1952 0.0932 
665 1953 0.0943 
670 1953 0.0943 
675 1953 0.0943 
695 1954 0.0955 
740 1957 0.0988 
770 1958 0.1000 
1395 1974 0.1180 
1410 1974 0.1180 
1425 1974 . 0.1180 
1455 1975 0.1191 
1485 1975 0.1191 
1515 1975 0.1191 
1530 1975 0.1191 
393 1560 1970 1862.0 - ' 0^1194 
1565 1970 0.1194 
1570 1971 0.1205 
1575 1973 0.1228 
1580 1974 0.1239 
1585 1975 0.1251 
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Table B6. (Continued) 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°C) time frequency initial resonant fre- . parameter 
(min. ) (cycles/sec) quency (cycles/sec) (?) 
2905 2077 1851.7 0.2581 
2910 2079 0,2605 
2915 • 2080 0.2618 
2920 2080 0.2618 
2925 2082 0.2642 
2970 2089 0.2727 
2975 2090 0.2739 
2980 2090 0.2739 
2985 2091 0.2751 
2990 2092 . 0.2764 
2995 2092 0.2764 
3000 2092 0.2764 
3005 2093 0.2776 
3010 2094 0.2788 
3015 2094 0.2788 
3025 2095 0.2800 
3035 2096 0.2812 
3045 2097 0.2825 
3090 2101 0.2874 
3105 2102 0.2886 
3115 .2103 0.2898 
3125 2103 0.2898 
3135 2104 0.2910 
3155 2103 1846.1 0.2976 
3160 2107 0.3026 
3165 2110 0.3063 
3170 2113 0.3100 
3175 2116 0.3137 
3180 2118 0.3162 
3185 2121 0.3199 
3190 2123 0.3224 
3195 2125 0.3249 
3200 2127 0.3274 
3205 2129 0.3299 
.3210 2130 0.3312 
3215 2132 0.3337 
3220 - 2133 0.3349 
3225 • 2135 0.3374 
3260 2142 0.3462 
3270 2145 0.3500 
3280 2147 • 0.3525 
3290 2148 0.3538 
1 
Q) 
g 
•H 
•P 
O O 
m 
0) 
3 
cd Ê-l 
>>Î4 
o a) 
ti -P 0) <D-~* 0 a ^  01 ro w 
S S A A 
tJ I , 
<0 0) 
-P f-l—-O <H O 
<0 tD 
o td m 
o rf © OH 
o m o 
£& S 
0) <H O 
A-P 
a - n o  
g a s  
i o 
$>iO O d) 
ti m a>\ 
çj m O* «D 
01 <DH 
û) $-« O ti=N >> O 
«d 
<D •—-
01 
a o <vo 
6H"-' 
K>C0 H 4- O H rovo 0>0NC\JaJCVI00C000K>KMnt>-t^-OOOr^C-t>-O^-b-t-~OD o H K\ O-CVl lOVO VOCOCOCDOO-si-HCO f-VO VDCOCOOOOiOOCVJOO 
m LONO xo VO VO 0\O\O KM^KX rAK™\KAKA<f invo C—CO CXD CO CO 00 CO 0\0\0\0\0\ KAl^ mKX K"\ K\ K"\ KN-d" 
•  •  •  •  • . . •  • •  • • # • • • # • * • • # # # • # •  • # # # • •  • • •  
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o  
s 
rd h eu k> <1-<j-vovo o\<t- hhojojcvjkw-^}-inininininincococo H  h h h h h h h h h c x j  ininininininuruntnlnin HHHHHHHHHCVJOJCVlCVJCVJCMCUCVJOJOJCVJCVJOJCVJCViOJCVICVlCVICJCVJCVJCVJCVJ CVICJC\JCVJC\JCV)OJCVJCVJC\JCVJCVJCVl(MCVJ(MCVJCXJCVJCVJCVJCVJC\JCMCVICVlC\ICMCVJOJCVJCVlCVl 
o o o o o i n o i n i n i n i n o o o o o o o i n i n o o i n i n o o o o o m o o o  
o H  < m  i r i i n o - t n v o  o\cxjincOH ^ t c ^ H v o v o o H C v j i n o v o c v j ^ h o t ^ - c v i i n o >  
r\mr\r\r\rMnmvo oj invo o\oo inn hoj eu kw ininvovoco 
mK\K>KM^AK>KXK> KX-^t" LTiVD t—b-
Ox H VO 
95 
Table B7. Resonant frequency, elapsed time, temperature, tem­
perature corrected initial frequency and frequency 
parameter F: Linde A-Alg0)-A2 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°C) time frequency'. initial resonant fre- parameter 
(min.) (cycles/sec) quency (cycles/sec) (?) 
195 . 0 1795 1795 0 
5 1798 0.0034 
10 1799 0.0045 
15 1801 0,0067 
20 1803 0.0089 
25 1803 0.0089 
35 1805 0.0112 
45 1806 0.0123 
50 1807 0.0134 
55 1808 0.0146 
950 1837 0.0474 
955 1837 0.0474 
960 1837 ' 0.0474 
965 1837 ' 0.0474 
970 1837 0.0474 
732 1075 2248 1758.1 0.6350 
1080 2263 0.6569 
1085 2274 0.6730 
1090 2281 0.6833 
1095 2288 0.6936 
1100 2293 0.7011 
1105 2297 0.7070 
1110 2301 0.7130 
ill5 2305 0.7189 
1120 2308 0.7234 
1125 2312 0.7294 
1130 2315 0.7339 
1135 2318 0.7384 
1140 2321 0.7429 
1145 2323 0.7459 
868 1195 2493 • 1749.2. 1.0312 
1200 2515 1.0673 
1205 2534 1.0986 
1210 . 2551 1.1269 
1215 2566 1.1520 
1220 2577 1.1704 
1225 2591 1.1941 
1230 2603 1.2145 
1235 2610 1.2264 
1240 2619 . 1.2418 
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Table B7. (Continued) 
Temp. Elapsed Resonant Temperature corrected Frequency 
(°C) time frequency initial resonant fre- parameter 
(mln.) (cycles/sec) quency (cycles/sec) (?) 
868 1245 2629 1749.2 1.2589 
1250 2636 1.2701 
1255 2642 . 1.2813 
1260 2650 . 1.2952 
1265 2659 •" - 1.3108 
996 1310 . 3398 174372 . 2.7998 
1315 3488 3.0037 
1320 3557 3.1637 
1325 3625 3.3244 
1330 3689 3.4785 
1335 3731 3.5810 
1340 3766 3.6674 
1345 3816 3.7921 
1350 3866 3.9186' 
1355 3897 3.9977 
1360 3934 4.0931 
1365 3961 4.1632 
1370 3987 4.2313 
1375 4013 • 4.2997 
1380 4037 4.3633 
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